A typical hemolytic uremic syndrome (aHUS) is a rare, life-threatening disease of chronic, uncontrolled complement activation leading to thrombotic microangiopathy, and often resulting in severe organ damage, including advanced chronic kidney disease. For patients with aHUS and end-stage kidney disease, transplantation was often contraindicated due to the high risk of recurrence of disease in the graft and subsequent graft loss. 1, 2 Targeted complement inhibition is now available for the treatment of aHUS. Eculizumab, a humanized monoclonal antibody, binds to C5 preventing cleavage to C5a and C5b and subsequent membrane attack complex formation. Eculizumab has been shown to be effective in treating patients with kidney disease due to aHUS, normalizing hematological parameters, and restoring renal function. [3] [4] [5] [6] Where available, eculizumab has profoundly changed the outcomes for patients with aHUS compared with the conventional management options such as plasma exchange. The safety and effectiveness of eculizumab treatment for posttransplant aHUS recurrence was first reported in 2009. 7 The registration trials/studies for eculizumab included 26 patients who had received a total of 38 kidney transplants. Eight of the 26 patients had received a combined 12 transplants that had failed before study enrollment. Twenty-five of the 26 patients received their most recent transplant before the initiation of eculizumab. Renal and hematological endpoints improved significantly following the initiation of eculizumab, although to a smaller degree than in patients with native kidney disease, and no patients lost their graft after eculizumab initiation. 8 Limited additional information is available to guide clinicians as to the timing of eculizumab therapy in relation to transplantation. [8] [9] [10] [11] [12] The benefit of preoperative eculizumab therapy for patients undergoing transplantation has yet to be assessed in a patient population with a follow-up period adequate to support multivariate analysis at clinically relevant time points.
The Global aHUS Registry is the largest collection of demographic, clinical, and genetic information from patients treated with eculizumab for a diagnosis of aHUS who also received a kidney transplant in the context of routine clinical care outside of any study protocol. In this observational study, we describe 188 kidney transplant recipients with aHUS who received eculizumab and were followed postoperatively for at least 1 year to study clinically relevant endpoints.
METHODS

Patient Selection
Details of the Global aHUS Registry (National Institutes of Health, www.ClinicalTrials.gov Identifier NCT01522183, managed by Alexion Pharmaceuticals, Inc., New Haven, CT) have been previously reported. 13, 14 Briefly, patients of any age with a clinical diagnosis of aHUS were eligible for enrollment in this ongoing observational study subsequent to providing informed consent. Patients were enrolled from 17 countries and followed prospectively. Patients were not required to have an identified complement gene abnormality or complement factor (CF) H autoantibody, nor were they required to have previous or ongoing treatment with eculizumab. Individuals with evidence of Shiga toxin-producing Escherichia coli infection or with ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type 1 motif) activity #10% or a subsequent diagnosis of thrombotic thrombocytopenic purpura were excluded. After enrollment, patient data were collected every 6 months. The Registry includes participants from the observational long-term follow-up clinical trial (NCT01522170) as well as other studies of the treatment of patients with aHUS with eculizumab (NCT identifiers 01770951, 00838513, 00844428, 00844545, 00844844, 01193348, 01194973).
The current analysis included Registry patients with a kidney transplant who were treated with eculizumab (Alexion Pharmaceuticals, Inc.) and followed for at least 1 year posttransplantation. Where transplantation and initiation of eculizumab occurred before enrollment, data up to enrollment were collected retrospectively. The Registry does not collect data on the type of transplantation (living vs. deceased donor), rejection episodes, details of the immunosuppression regimen, or the cause of allograft failure.
Patients were classified according to their treatment status at the time of their most recent transplant (Figure 1) . In group 1, treatment was initiated before transplantation up to and including the day of surgery (postoperative day 0). All patients in group 1 had a known diagnosis of aHUS before receiving their most recent kidney transplant. Patients who initiated eculizumab but discontinued before transplantation were not included in this group. Group 2 included all patients initiating eculizumab treatment any day after postoperative day 0, either for the first time, or restarting eculizumab after transplantation having discontinued treatment before transplantation, with >14 days without treatment. Because of the number of patients in group 2 with a reported initial diagnosis of aHUS after their most recent transplant, patients were further stratified according to the timing of the last transplant in relation to time of aHUS diagnosis. Group 2a included patients who were diagnosed with aHUS before transplantation and group 2b consisted of patients who were not known to have aHUS before transplantation.
Statistical Methods and Endpoints
Descriptive summary statistics are presented by treatment/diagnosis classification group and overall. Data are presented as frequency counts (with percentages) for categorical variables; and mean (AESD), median (range), and number of observations for continuous variables.
The primary endpoint was any dialysis, including short-term dialysis (acute; defined as a duration of up to 3 months) and graft loss (defined as chronic dialysis with a duration of more than 3 months of consecutive dialysis), as the best available proxy for allograft failure, as graft loss or biopsy findings are not specifically collected in the Registry). The dialysis incidence rate was defined as (number of new events/total patient-years)*100, where patient-years was based on time from transplantation to start date of dialysis. The 95% Poisson CIs for the incidence rate were calculated. Kaplan-Meier estimates for the time to any dialysis were also determined. For the determination of estimated glomerular filtration rate (eGFR), patients on dialysis had an imputed eGFR of 5 ml/min per 1.73 m plasma exchange before transplantation, and eculizumab dosing. The final multivariate model was determined using the forward stepwise selection procedure, and contains covariates that were significant at the 0.10 level in the univariate analysis. The HRs and 95% CIs are presented. All analyses were conducted using SAS Ò version 9.2 (SAS Institute, Cary, NC).
RESULTS
Patient Characteristics
The Global Registry enrolled 1549 patients across 220 sites between April 2012 and May 5, 2017. This analysis included 188 patients who received a kidney transplant and were treated with eculizumab at or after their most recent transplant. Table 1 summarizes patient characteristics of enrollees categorized by timing of eculizumab treatment (ongoing treatment up to or at time of transplant [group 1; n ¼ 88] vs. treatment initiation after transplant [group 2; n ¼ 100]). Of those patients initiating eculizumab treatment after kidney transplant, 52 patients were diagnosed with aHUS before (group 2a), and 48 were diagnosed after (group 2b), their most recent kidney transplant (Figure 1 ).
Patient age was diverse but, overall, represented an adult population. Median age at most recent transplant was 34.1 years. Forty-nine (26%) of 188 patients were younger than 18 at time of last transplant and therefore were termed pediatric patients. Most patients were female (56%). The racial background was primarily white (88%). Along with the diagnosis of aHUS, some patients had other conditions contributing to their chronic kidney disease (Table 1) .
Overall, 20% (n ¼ 38) of patients across all groups reported a family history of aHUS; however, 103 (71%) of 145 patients tested had a reported pathogenic gene mutation linked to key CFs in the alternative complement activation pathway. Gene mutations were identified in 68% of adult patients (74 of 109 tested) and in 81% of pediatric patients (29 of 36 tested). Where tested, CFH was the most frequently identified mutation (in 50%, 60%, and 25% of patients tested in groups 1, 2a, and 2b, respectively, Table 1 ).
There were 24 patients (28%) in group 1, 11 (21%) in group 2a, and 3 (6%) in group 2b who had received 1 or more prior transplants. In the 12 months before the most recent transplant, 32 patients had received plasma exchange, including 16 (18%) in group 1, 13 (25%) in group 2a, and 3 (6%) in group 2b (Table 1) .
Most patients (73%; n ¼ 137) were enrolled in the United States (21%, n ¼ 40), France (19%, n ¼ 35), Germany (16%, n ¼ 30), Italy (9%, n ¼ 17), and Spain (8%, n ¼ 15). Patients meeting the inclusion criteria were also enrolled in the United Kingdom, Australia, 
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Czech Republic, Canada, Russia, Israel, Belgium, Austria, Denmark, Sweden, Norway, and Switzerland ( Figure 2 ). In the United States, eculizumab was most often given before transplantation when a clinical diagnosis was made before transplantation (n ¼ 22). In contrast, in France, patients were often treated after transplantation even when the diagnosis of aHUS was made before the most recent transplant (n ¼ 17). In France, the United States, and Germany, several patients were diagnosed after transplantation and did not initiate eculizumab therapy until after transplantation.
Treatment Characteristics
Eculizumab was initiated at a median (range) of 3. Table 2 ). The dose of eculizumab was reduced in 19 patients (22%) in group 1, and 8 (15%) and 4 (8%) patients in groups 2a and 2b, respectively. As most of these patients had a series of dose modifications, reflecting an individualized treatment approach, it was not possible to calculate a clinically meaningful average dose reduction. Eculizumab was discontinued in 6 patients after their most recent transplant (group 1, n ¼ 3; group 2a, n ¼ 2; and group 2b, n ¼ 1). The patients in group 1 discontinued due to "investigator consideration" and "completion of posttransplant treatment" (reason was not recorded for the third patient) and were not on dialysis when discontinued. One patient from group 2a and 1 from group 2b discontinued after >3 months of dialysis (reasons were "lack of renal function improvement" and "dose withheld due to hospitalization"). The second patient in group 2a requested to discontinue after being on dialysis for 1 month, and "lack of renal function improvement" and "adverse event" were also reported. Of the 6 patients who discontinued posttransplant, all except 2 patients in group 1 restarted eculizumab treatment. Those who stopped due to >3 months of dialysis remained on dialysis when they restarted; reasons for restarting treatment did not accompany the event log for any of these patients. We first calculated an HR for any dialysis comparing group 1 with all patients in group 2. After accounting for multiple covariates, those patients initiating eculizumab after transplantation (group 2) were more likely to require dialysis after transplantation than those initiating eculizumab before transplantation (group 1), adjusted HR (AHR) 3.16 (1.28-7.81). Because of the increased risk of initiating dialysis after transplantation in group 2 (Figure 3a ), HRs were then recalculated to separately account for a substantial number of patients with a diagnosis of aHUS after transplantation (group 2b; Figures 3b and 4) . The AHR for any dialysis initiation after transplantation was significantly increased in group 2b (AHR 4.62; 95% CI 1.73-12.35) and numerically increased (nonsignificant) in group 2a (AHR 2.30; 95% CI 0.85-6.22) when compared with group 1 (control group) (Figures 3b and 4b) . Furthermore, graft loss (i.e., dialysis >90 days) was increased in group 2b compared with group 1 (AHR 4.17; 95% CI 1.12-15.56). The AHRs for group 2a were numerically increased but not statistically significant (AHR 2.20; 95% CI 0.55-8.72).
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Overall, early graft function (measured within 6 months posttransplant) was significantly better in group 1, with a median eGFR of 60.6 ml/min per 1.73 m 2 compared with 31.5 and 9.6 ml/min per 1.73 m 2 in groups 2a (P ¼ 0.004) and 2b (P ¼ 0.0001), respectively ( Figure 5 ). Over time, renal function was generally maintained, and at 2 years posttransplant, eGFR values for patients in groups 2a and 2b remained significantly lower than for group 1 ( Table 2) . During the time patients were followed for this analysis, 1 patient (1%) in group 1 developed a meningococcal infection, which resolved with antibiotic treatment. Three deaths were reported (all in group 2a): 1 man with a glioblastoma, 1 woman with a gastrointestinal bleed, and 1 woman with a cerebral bleed. All cases were deemed unrelated to eculizumab.
Plasma Exchange After Transplantation
Overall, 62 patients received plasma exchange after transplantation; plasma exchange was initiated in 7 patients (8%) from group 1, 27 patients (52%) from group 2a, and 28 patients (58%) from group 2b. The time to initiation of plasma exchange after transplantation is shown in Figure 6 . In group 2b, plasma exchange was commonly initiated around the time of diagnosis of aHUS (Figure 6a and data not shown). In the first month posttransplant, 3, 12, and 10 patients in groups 1, 2a, and 2b initiated plasma exchange; the timing of plasma exchange for these patients is shown in Figure 6b . Initiation of eculizumab treatment commonly occurred after a delay of only several days after plasma exchange in these patients (data not shown).
CONCLUSION
The Global aHUS Registry incorporates the efforts of 220 enrolling sites. Information is included from 1549 patients with a clinical diagnosis of aHUS, regardless of the treatment they received. Contained within the Registry is the largest cohort of patients with a diagnosis of aHUS receiving eculizumab in the setting of kidney transplantation. We analyzed the outcomes of those patients who received eculizumab in the setting of kidney transplantation (n ¼ 188) with at least 1 year of follow-up after their most recent transplant. Overall, the population analyzed had attributes comparable to other cohorts of patients with a diagnosis of aHUS, including racial background, age, and prevalence of pathogenic gene mutations. [15] [16] [17] [18] A proportion of these patients (20%) had lost 1 or more transplants previously; only the most recent transplant is considered here.
We found that a subgroup of patients initiating eculizumab after transplantation (group 2b) were more likely to require dialysis after transplantation than those initiating eculizumab before transplantation (group 1). This was discovered after a review of national practice patterns and individual patient profiles revealed a large subgroup (2b) that did not receive a diagnosis of aHUS until after transplantation. Subgroup 2b came to characterize the highest risk profile for graft failure, emphasizing the importance of the timing of diagnosis of aHUS with respect to transplantation. In our cohort, patients who were not diagnosed with aHUS until after transplantation included patients who were older, and less likely to have a family history of aHUS or have been tested for a genetic mutation. Notably, these patients had a longer time between transplantation and initiation of eculizumab than those in group 2a, supporting previous data showing that earlier eculizumab treatment is associated with improved outcomes. 19 Those patients with a known pretransplant diagnosis of aHUS were treated earlier after transplantation, presumably due to an awareness of the possibility of, and more rapid recognition of, recurrent disease.
Those patients with a diagnosis before transplantation, but who did not receive eculizumab until after transplantation (group 2a), and who were treated more rapidly than group 2b, did not significantly differ 2 ), indicating a less favorable outcome. Patients in group 2a were also more likely than those in group 1 to be treated with plasma exchange posttransplant, before the commencement of eculizumab. Although caution should be exercised in interpreting these data, these groups were similar in demography and presence of pathogenic mutations. Our conclusions suggest that any transplant candidate with a clinical history or renal biopsy suggestive of thrombotic microangiopathy should be carefully evaluated for a possible diagnosis of aHUS and that treatment with eculizumab beginning at the time of transplantation will improve posttransplant outcome.
In this analysis, few safety concerns were reported. One meningococcal infection was identified, which resolved with antibiotics, and 3 deaths were reported, which were all deemed unrelated to eculizumab. The incidence of meningococcal infection in this cohort of kidney transplant patients with aHUS was in line with that reported in the original program of 5 clinical trials of eculizumab for the treatment of aHUS and in a prospective, observational, long-term follow-up of these studies. 6, 8, 20 The case of meningococcal infection highlights the need for vaccination against Neisseria meningitidis before eculizumab initiation and/or prophylactic antibiotic therapy, as well as being alert to the signs of meningococcal disease during treatment.
Compared with historical results, the current analysis showed favorable outcomes in transplanted patients with aHUS receiving eculizumab, with graft survival (as defined by lack of posttransplant dialysis exposure) improved compared with that reported in the literature. 1, 2, 21, 22 Two previous studies also reported excellent outcomes with eculizumab in patients with aHUS undergoing transplantation. 8, 12 In contrast, another study suggested that eculizumab was not necessary before transplantation for patients with aHUS receiving a living organ transplant who followed a treatment protocol to reduce the risk of endothelial injury. 11 Only 1 of 17 patients in that series experienced recurrent aHUS with a median follow-up of approximately 2 years. Close patient monitoring was required and it was recommended that eculizumab should be available immediately. The evidence to date indicates that eculizumab maintains long-term remission of aHUS, thus preserving graft function. The possibility of discontinuing eculizumab after sustained disease remission in patients with aHUS in their native kidneys may depend on genetic background. 9 A recent study from the French aHUS registry of patients who discontinued eculizumab reported that 72% of patients with CFH variants and 50% of patients with CFI variants relapsed after a median follow-up of 22 months. 23 The recently published Kidney Disease: Improving Global Outcomes guidelines and an international consensus for managing aHUS in children highlight that discontinuation is not currently recommended in transplanted patients. 24, 25 Our results suggest that initiation of eculizumab therapy before transplantation reduces rates of dialysis after transplantation, and leads to improved allograft function, with the qualification that timing of aHUS diagnosis influences the posttransplant outcome, supporting our initial hypothesis.
These findings are remarkable in the context of a disease that often had devastating consequences. 26, 27 Before the availability of eculizumab in 2011, deathcensored graft survival at 1 year posttransplant for patients with aHUS was 76% and at 5 years, 51%, with a median graft survival of 61 months. Relapse rate ranged from 20% to approximately 80% depending on mutational background.
1 Forty-three percent of relapses occurred within 1 month posttransplant and 70% within 1 year. 25 These dismal outcomes were confirmed in another cohort by assessment of complement mutations in 273 patients with aHUS, which also found the highest graft failure rate in patients with identified CFH and CFI mutations (71% and 67% failure at 1 year, respectively) with similarly poor outcomes in native kidneys (end- stage kidney disease or death occurred in 77% and 60%, respectively at 3 years). Outcomes in these patients were poor regardless of age. 27 In the pre-eculizumab era, plasma exchange was the only available treatment for patients with aHUS and had limited efficacy alone. Although eculizumab has been shown to be effective and offers a considerable improvement in outcomes, 28, 29 the use of plasma exchange in the treatment of aHUS is still considered. Plasma exchange was received by 8% of patients in group 1 but by more than 50% of patients in groups 2a and 2b. Our results suggest that, for these patients in group 2, plasma exchange was not given prophylactically. A retrospective analysis in 2016 showed that plasma exchange was effective in 53% of nontransplanted pediatric patients treated (16 of 30), although it was possible to follow-up only 15 of 24 patients and of these, 3 died within 1.5 years. 30 For a cohort of 146 patients for whom data on plasma therapy were available, Fremeaux-Bacchi et al. 26 reported poor outcomes regardless of whether or not plasma therapy was administered; 44% of those on plasma therapy developed end-stage kidney disease at the first episode of aHUS. Outcomes in transplant patients treated with plasma exchange are particularly poor. In a large cohort of adult patients followed between 1995 and 2009 who had posttransplant thrombotic microangiopathy, almost half lost their graft within a year, irrespective of whether plasma exchange was used, suggesting a lack of effectiveness in this setting. 1 No controlled trials comparing eculizumab and plasma exchange before transplantation have been performed and the available cost:benefit analyses are insufficient. 2 There are several limitations of this analysis, all linked to the nature of an observational global registry 31, 32 that draws on diverse practice information from more than 200 contributing sites. First, the Registry offers limited characterization of transplant events including living/deceased donor status, number of graft rejection episodes, transplant biopsy results, or causes of graft loss; however, with this cohort now established, future studies can target detailed characterization of these patients. Second, mutation analysis was available in as many as 145 patients, but the number of dialysis events associated with these patients was too small to support a multivariate regression model to examine the risk associated with individual mutations. This limits our current understanding as to the genetic risk profile of patients with a diagnosis of aHUS who are preparing for kidney transplantation. In part, this reflects the enrollment of patients who were diagnosed before 2011 when genetic testing was less frequently used in diagnosis. However, our findings support other reports that identify CFH as the most prevalent mutation leading to clinical manifestation of disease among patients of a similar racial/ethnic background. [33] [34] [35] Third, patients with any eculizumab initiation after transplantation, regardless of transplant status or time between transplantation and initiation of dialysis or eculizumab, were included in the analysis. In some cases, eculizumab was initiated a considerable time after patients commenced dialysis; this may have reduced its impact on graft outcome. Finally, tightly restricted use of eculizumab is a recognized practice in the United States and other countries. This is consistent with the larger population (group 2) initiating eculizumab after transplantation and, presumably, at the time of an acute episode of thrombotic microangiopathy. Eculizumab may not have been available for preemptive use if the patient was not already receiving it before transplantation. The effect of national policies on clinical decision-making cannot be deciphered by this study; however, overall enrollment rate was similar among the United States, France, Germany, and Spain for the duration in which study patients were enrolled (2012-2017).
In conclusion, our findings from this observational study suggest eculizumab is beneficial for the treatment of patients with aHUS in the setting of transplantation, and carries a minimal risk of infection. More specifically, they support the hypothesis that initiation of eculizumab therapy before transplantation potentially reduces rates of dialysis after transplantation with the condition that timing of aHUS diagnosis influences the posttransplant outcome. Those patients who were diagnosed with aHUS and receiving treatment with eculizumab at the time of transplantation also enjoyed better 3-year allograft function. Overall, these data align with current guidelines suggesting that that the diagnosis of aHUS should be made as early as possible for early initiation of appropriate treatment to obtain optimal patient outcomes, 24, 25 and that such recommendations also apply in the transplant setting. 
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